Abstract. Fifty crossbred (Large White × Landrace × Duroc) female finisher pigs were used to determine the effect of nutritional manipulations on intramuscular fat deposition. The main nutritional treatments were (i) Control (pigs fed a commercial grower diet), (ii) -15% P:DE (pigs fed a 15% reduced protein:digestible energy diet during the grower phase), (iii) -30% P:DE (pigs fed a 30% reduced P:DE diet during the grower phase), (iv) +6% Fat (pigs fed diet supplemented with 6% additional fat during the grower phase), and (v) -Vit A (pigs fed a control diet with no supplemented Vit A in the mineral vitamin premix during the grower and finisher phase). Pigs fed the 30% reduced P:DE diet had an inferior feed to liveweight gain (feed conversion ratio, FCR) for the combined grower and finisher growth period (P = 0.036) compared with the other dietary treatments. There were no significant differences in average daily gain (ADG) or voluntary feed intake (VFI) for the grower, finisher, and the combined grower and finisher phases, or liveweight at slaughter between the dietary treatments. Pigs fed the 15% (1.9%) and 30% (2.7%) reduced P:DE diet, and the Vit A-restricted diet (2.0%), had significantly higher intramuscular fat (IMF) levels compared with pigs fed the other diets. Pigs fed the control diet had higher (P = 0.002) carcass dressing percentage compared with pigs fed the other diets. There were no significant dietary effects on total fat tissue (P = 0.661), total lean muscle tissue (P = 0.637), and total bone mineral (P = 0.367) content. In conclusion, these data indicate that feeding pigs grower diets with 15% and 30% reduced P:DE, and grower and finisher diets restricted in Vit A, improved the IMF levels in the Longissimus muscle. The increase in IMF levels in pigs fed the 15% reduced P:DE diet, and grower and finisher diets restricted in Vit A, improved the IMF levels without having a detrimental effect on growth performance and carcass quality.
Introduction
Studies by D' Souza and Mullan (2001) have shown that pigs with lower intramuscular fat (IMF) levels were considered to have inferior eating quality. The use of leaner, fast growing crossbred bloodlines in Australia has reduced IMF levels in Australian pork. A recent study (Channon et al. 2001) has shown that IMF levels in the Longissimus thoracis (LT) muscle in male and female pigs were as low as 1% in some genotypes, and in others, IMF levels varied between <1% and 4%. The threshold level of IMF required for optimal eating quality is 2-2.5% (Bejerholm and Barton Gade 1986) . Hence there is a need to increase IMF levels to improve the eating quality of Australian pork.
Numerous studies have investigated the effect of breed on IMF deposition in pork; however, only a few studies have investigated the effect of nutritional manipulation of IMF levels in pork. Cisneros et al. (1996) reported that feeding pigs reduced P:DE diets increased IMF levels in the LT muscle. Studies by Eggert et al. (1998) have shown that feeding pigs diets supplemented with fat during the finisher growth phase increased IMF levels, and improved the eating quality of pork. Feeding Japanese Black cattle Vitamin A (Vit A)-restricted diets also increased IMF levels (Aoki et al. 1998) . However, the effect of dietary Vit A restriction on IMF levels in pigs is unknown. The above dietary manipulations were predominantly conducted during the finisher phase and, in addition to reporting increased IMF levels, also reported a negative effect on growth performance and carcass quality. A recent study conducted by D'Souza et al. (2002) reported that the IMF levels in the LT muscle of female pigs did not significantly change between 16 and 25 weeks of age. This would suggest that the rate of IMF deposition to lean muscle tissue deposition in the Longissimus muscle for the period 16-25 weeks of age remained constant. Hence, dietary manipulations during the grower phase rather than during the finisher phase may be more appropriate to increase IMF levels without compromising growth performance and carcass quality. Therefore the aim of this experiment was to determine the effects of nutritional manipulation of pig diets during the grower growth phase on IMF levels in female pigs.
Materials and methods

Animals and feeding
Fifty crossbred (Large White × Landrace × Duroc) female pigs were used in this experiment with the main nutritional treatments being (i) Control (pigs fed a commercial grower diet), (ii) -15% P :DE (pigs fed a 15% reduced protein: digestible energy diet during the grower phase), (iii) -30% P:DE (pigs fed a 30% reduced P :DE diet during the grower phase), (iv) +6% Fat (pigs fed diet supplemented with 6% additional fat during the grower phase), and (v) -Vit A (pigs fed a control diet with no supplemented Vit A in the mineral vitamin premix during the grower and finisher phase). The added Vit A content for all the diets except the Vit A-restricted diet was 30 mg of Vit A (retinyl acetate) per tonne of feed.
The pigs were stratified on a weight basis and randomly allocated to one of the nutritional treatments. The pigs were individually housed and had ad libitum access to feed, and water via nipple drinkers. The composition of the grower (68-124 days) and finisher (124-159 days) phase diets fed as a mash (i.e. not pelleted) is presented in Table 1 (all diets were formulated using AUSPIG computer model; Black et al. 1986 ). The protocol used in this experiment conformed to all Animal Experimentation Ethics Committee (Activity No. 01MD50) regulations concerning the health and care of experimental animals.
Slaughter
At approximately 23 weeks (159 days) the pigs were transported to a commercial abattoir and slaughtered according to standard commercial procedures. The pigs were stunned using a carbon dioxide dip-lift stunner set at 85% CO 2 for 2 min (Butina, Denmark). Exsanguination, scalding, dehairing and evisceration were performed according to standard commercial procedures. The carcasses (Aus-Meat Trim 13: head, flare fat, fore and hind trotters removed) were split before entering the chiller (5°C to -1°C cycle, air speed 5 m/s) (AMLC 1989) .
Growth performance and carcass quality assessment
The liveweight and feed intake of all the pigs were measured, and average daily gain (ADG) and feed conversion ratio (FCR) determined on a weekly basis. After slaughter, the carcass weight and backfat depth at the P2 site were determined on the hot carcass at 45 min post-slaughter. Backfat depth at the P2 site was measured using the Hennessy Grading Probe 4 (HGP 4). The right half of the carcass (excluding head, trotters, and flare fat) was jointed into shoulder, middle, and leg primal cuts for carcass fat tissue (lipids), lean muscle tissue (protein and water), and bone mineral content estimation by the dual energy X-ray absorptiometry method (Suster et al. 2001) . Intramuscular fat in m. Longissimus thoracis was chemically determined using the method of direct Soxhlet extraction of fat by a solvent (hexane) and expressed as the weight percentage of wet muscle tissue (AOAC 1990). A All pigs were fed a standard commercial feed except the -Vit A treatment, which was a diet with no added Vit A. B Vit A-deficient mineral vitamin premix. C Estimated from ingredients.
Statistics
Analysis of variance (ANOVA) was used to analyse the main effects of diet and their effect on growth performance and carcass quality using the GENSTAT 5 Program (Payne et al. 1993) .
Results
The growth performance results are presented in Table 2 . Pigs fed the 30% reduced P:DE diet had an inferior FCR (P = 0.036) compared with the other dietary treatments. There were no significant differences (P > 0.05) in ADG or voluntary food intake (VFI) for the grower, finisher, and the combined grower and finisher growth phases, or liveweight at slaughter, between the dietary treatments. Although not significant (P = 0.306), the pigs fed the control diet were 6.4 kg heavier at 23 weeks of age compared with pigs fed the 30% reduced P:DE diet. The carcass quality results are presented in Table 3 . Pigs fed the 15% and 30% reduced P:DE diets, and the Vit Arestricted diet, had significantly higher (P < 0.001) IMF levels compared with pigs fed the other diets. The carcass weights of pigs fed the 30% reduced P:DE diet tended to be 10% lower (P = 0.114) compared with pigs fed the control diet. Pigs fed the control diet had higher (P = 0.002) carcass dressing percentage compared with pigs fed the other diets. Dual energy X-ray absorptiometric analysis for carcass compositional studies of the half carcasses indicated that there were no significant dietary effects on total fat tissue (P = 0.661), total lean muscle tissue (P = 0.637), and total bone mineral (P = 0.367) content.
Feeding a Vit A-restricted diet during the grower and finisher periods decreased liver Vit A content by 75% (40.6 v. 10.6 mg/kg, P < 0.001).
Discussion
These data indicate that feeding pigs the 15 and 30% reduced P:DE diet from 68 to 124 days (~10-18 weeks) of age increased IMF levels by 46 and 107%, respectively, compared with pigs fed the control diet. The increase in IMF Kerr et al. (1995) , Cisneros et al. (1996) , and Witte et al. (2000) . Kerr et al. (1995) reported that feeding pigs a diet with reduced protein content during the weaner, grower, and finisher phase resulted in higher marbling scores (4.3% v. 2.9%) compared with pigs fed a high protein diet. Cisneros et al. (1996) reported that feeding pigs an amino acid-deficient diet during the late finisher phase (3-5 weeks pre-slaughter) increased IMF levels from 3.8% to 5.7% compared with the control pigs. Similarly, Witte et al. (2000) reported that a protein-deficient diet during the finisher period increased IMF from 2.9 to 3.5% compared with pigs fed a control diet. The protein to digestible energy ratio of a diet primarily determines the rate of protein to fat deposition in the pig, and feeding a reduced P:DE diet to pigs decreases the protein to fat deposition, resulting in increased overall fatness of the pig (Campbell 1987) and increased IMF levels (Castell et al. 1994) . This was consistent with the studies reported by Kerr et al. (1995) , Witte et al. (2000) , and Cisneros et al. (1996) . Protein-deficient diets during the finisher phase (Kerr et al. 1995; Witte et al. 2000) and the grower and finisher phase (Cisneros et al. 1996) , increased IMF levels, but also had a negative effect on growth performance and carcass leanness. The results from this experiment indicate that female pigs fed the 30% reduced P:DE diet had the highest levels of IMF, but had an inferior feed conversion ratio. However, pigs fed the 15% reduced P:DE diet during the grower growth phase had higher IMF levels without negatively affecting growth performance or carcass quality. It is possible that protein-deficient diets during the grower phase rather than the finisher growth phase may increase IMF deposition without affecting overall growth performance and carcass quality, given that pigs may not have reached their maximum protein deposition rate during the grower phase and hence may have a low propensity to deposit fat during the grower growth phase (Campbell 1987) .
The changes in feeding strategy used in this experiment were also based on results from a previous study that found that the IMF in the shoulder, loin, and the ham remained relatively constant during 16-25 weeks of age (69-120 kg liveweight) (D'Souza et al. 2002) . This would indicate that the rate of IMF deposition to lean muscle tissue deposition in the Longissimus muscle in female pigs during the finisher growth phase for the period 16-25 weeks of age remained constant.
Information pertaining to the use of Vit A-restricted diets to increase IMF deposition in pigs is limited. However, Aoki et al. (1998) and Oka et al. (1998) reported that the mean IMF levels were significantly higher in Japanese Black cattle that were not supplemented with Vit A compared with the group supplemented with high Vit A concentrations. It has been proposed that the effect of Vit A on IMF deposition is mediated by retinoic acid, a derivative of Vit A, which regulates the adipogenic differentiation of fibroblasts, inhibiting the terminal differentiation of intramuscular adipose tissue in cattle (Kuri-Harcuch 1982) . It has also been proposed that retinoic acid regulates growth hormone gene expression (Bedo et al. 1989 ), which in turn decreases fat deposition and IMF in steers (Dalke et al. 1992) . Deficiencies in retinoic acid, therefore, may result in lower growth hormone concentrations and increased fat deposition including IMF. Feeding pigs a Vit A-restricted diet during the grower and finisher phase significantly lowered liver Vit A concentrations compared with the pigs fed the control diet in this experiment. The results also indicate that pigs fed a Vit A-restricted diet from 68 to 159 days (~10-23 weeks) of age increased IMF levels by 54% compared with pigs fed the control diet without any negative effect on growth performance and carcass quality.
Diets high in supplemented fat during the grower phase did not affect IMF deposition in female pigs in this experiment. Engel et al. (1997) similarly reported that feeding pigs diets supplemented with excess poultry fat (6%) or 'Choice white grease' during the finisher phase did not affect IMF scores. This is in contrast to the study by Stahly (1998) , in which increasing dietary fat concentrations during the finisher phase resulted in a corresponding increase in IMF in pigs. Eggert et al. (1998) reported that feeding 5% high quality beef tallow to pigs from 40 to 115 kg liveweight marginally increased IMF scores from 1.7 to 1.8%. It should, however, be noted that the IMF scores used by Eggert et al. (1998) were subjective scores and do not represent actual IMF levels. In addition, Stahly (1998) and Eggert et al. (1998) also reported that the diets high in fat had a positive effect on growth performance without any detrimental effect on carcass quality. The high fat diets were fed to pigs during the finisher phase (Stahly 1998) and the grower and finisher phase (Eggert et al. 1998 ) compared with just the grower phase in this experiment. Hence, it is also possible that high fat diets during the grower and finisher, or the finisher phase, may be a better strategy to increase IMF in pigs, and this warrants further investigation.
The level of IMF in the control pigs (1.3%) reported in this experiment is considerably lower compared with that reported (2.5%) by D' Souza et al. (2002) . This was unexpected given that the female pigs in both experiments were obtained from the same commercial pig production unit in Western Australia and fed similar diets. The IMF levels in this experiment were also lower compared with past studies (2.7%) reported by D' Souza and Mullan (2001) , which similarly used pigs from the same commercial pig production unit in Western Australia.
The results from this experiment indicate that dietary manipulations can increase IMF levels in female finisher pigs. The highest IMF levels were obtained when pigs were fed the 30% reduced P:DE diet. However, this increase in http://www.publish.csiro.au/journals/ajar IMF was also accompanied by a negative effect on growth performance and carcass quality to a magnitude that would not make such a dietary manipulation viable for the Australian pork industry. The significant increase from 1.3% to 2.7% in pigs fed the 30% reduced P:DE diet does, however, confirm the potential to deposit IMF in female pigs.
